Introduction {#Sec1}
============

Many environmental chemicals and pharmaceuticals can cause liver toxicity and cancer^[@CR1],\ [@CR2]^. The majority of these so-called chemical carcinogens act through covalent binding to the DNA (DNA adduct formation), thus known as genotoxic carcinogens^[@CR3]--[@CR5]^. Genotoxic carcinogens are commonly determined using the genotoxic battery of assays (e.g., Ames test). Of note, many studies are being developed to improve the accuracy and specificity of these assays^[@CR6],\ [@CR7]^. However, some chemical carcinogens act through non-genotoxic mechanisms, known as non-genotoxic carcinogens (NGTCs)^[@CR8],\ [@CR9]^. NGTCs are commonly determined by rodent two-year bioassays^[@CR10]--[@CR12]^, which are time-consuming, expensive and require a lot of animals. Most unfortunately, the two-year bioassays sometimes fail to identify NGTCs^[@CR13]^. Many argue that extensive research should be placed on developing new biomarkers and assay models to replace two-year bioassays through enhanced understanding of mechanism underlying NGTCs^[@CR14]^. Thioacetamide (TAA) is a well-known NGTCs, which is a possible human carcinogen^[@CR15]^. When administrated orally, it is reported to induce hepatocellular adenomas in rats^[@CR16]^. In this study, we designed a toxicogenomics experiment involving multiple doses and treatment durations to study microRNA (miRNA) expression of TAA-induced carcinogenicity, thus further our knowledge to NGTCs.

Toxicogenomics has been extensively used for the study of environmental carcinogens^[@CR17]^. It has been well established that gene expression profiles are associated with carcinogenicity and thus genomics approaches have been used for cancer risk assessment^[@CR18],\ [@CR19]^. Many studies have attempted to classify unknown carcinogens based on gene expression profiles^[@CR19]--[@CR21]^. MiRNAs, a family of small noncoding RNAs, have been recognized as key regulators for cancer development and progression through regulatory function over multiple cancer-related target genes^[@CR22],\ [@CR23]^. They play an important role in regulating mRNAs expression as well as protein translation in both states of physiology and cancer development. In mammals, miRNAs are predicted to control the activity of approximately 30% of all protein-coding genes and have been shown to participate in the regulation of almost every cellular process^[@CR24],\ [@CR25]^. Importantly, miRNAs have been observed to be tissue-specific^[@CR26]^. Distinct miRNA profiles can be assigned to various types of tumors, serving as molecular signatures in cancer diagnostics and prognostics. Recent technological advances have offered several options for miRNA detection and assessment^[@CR27]^. Among them, next generation sequencing (NGS) has gained an advantage for miRNA profiling, the discovery of novel miRNAs, and isoforms of established miRNAs^[@CR28]^.

In this study, we examined the change in the expression profile of miRNAs over multiple doses and time-points of treatment with TAA using NGS technology (miRNA sequencing or miRNA-seq). A new integrative bioinformatics workflow was applied to identify differentially expressed miRNAs (DEMs) and their possible regulatory roles within the signaling cascades which could be involved in TAA-induced hepatocarcinogenicity (Fig. [1](#Fig1){ref-type="fig"}). To the best of our knowledge, this is so far the very first toxicological study conducted to investigate DEMs at various doses and time points for environmental chemical exposure. We found that the identified DEMs were significantly overrepresented for the liver cancer and many pathways were related to TAA-associated carcinogenicity. Importantly, the expression levels of two DEMs (i.e., rno-miR-34a-5p and rno-miR-455-3p) were found to be changed with almost all treatment conditions. Especially, rno-miR-34a-5p was the most upregulated DEMs throughout the entire treatment, suggesting its potential to be utilized as early and sensitive biomarkers to detect TAA-modulated carcinogenicity. Surprisingly, miR-122, which is a commonly studied circulating miRNA biomarker for liver injury, was not differentially expressed according to neither dose nor time point in the liver tissues treated with TAA.Figure 1A schematic illustration of the workflow used in the present study to elucidate differentially expressed miRNAs during TAA-induced hepatocarcinogenesis. This workflow can be broadly divided into two sections: miRNA-Seq analysis pipeline and *in silico* biomarker discovery. In miRNA-Seq analysis pipeline, briefly, the adaptor sequence was trimmed from the fastaq files obtained from Illumina HiSeq2000 platform and then reads with a length between 18 to 25 bases were selected to map to the Rattus norvegicus (rn5) genome. Quality control and assessment were carried out on the selected dataset. In a next step, reads were mapped against miRBase (rat) and quantification and normalization were performed to obtain DEMs. In the second section, functional association (using miRWalk2.0 and Ingenuity IPA) and time/dose response analyses were conducted to identify early and sensitive DEMs and their possible regulatory signaling in TAA-induced liver carcinogenicity. Thereafter, qPCR experiments were performed to validate potential biomarker. Information about the programs and their parameters used in this workflow is given in detailed under the Methods section.

Results {#Sec2}
=======

The workflow depicted in Fig. [1](#Fig1){ref-type="fig"} identified 330 DEMs using the cutoff of fold change \>1.5 and p-value \< 0.05 in TAA-treated rats compared to the control group across all the treatment conditions (Table [S1](#MOESM2){ref-type="media"}). The results obtained from this workflow are summarized in Table [1](#Tab1){ref-type="table"}. Further investigations were performed to detect early and sensitive biomarkers based on these 330 DEMs and to decipher their roles in liver cancer and related biological signaling pathways. The results of these analyses are explained in the sections below.Table 1Summary of the results obtained from the bioinformatics workflow.TreatmentUpregulated (N)Downregulated (N)*Distribution of 330 DEMs* Low dose152174 Middle dose165153 High dose134137 *Total DEMs* (*unique*)176211 *Common DEMs*48 *Dose- and time-dependent DEMs*7 *Dose-dependent DEMs*39 *Time-dependent DEMs*2 *Diseases or functional association*22

Liver cancer predicted by miRNA profiling {#Sec3}
-----------------------------------------

A disease/function enrichment analysis was conducted using Ingenuity Pathway Analysis (IPA) to identify the pathophysiological association of DEMs during three different doses and four time intervals (12 treatment conditions), which resulted in 22 diseases or functions significantly enriched (Table [S2](#MOESM3){ref-type="media"}). The top three were liver cancer, polycystic kidney disease, and non-insulin-dependent diabetes mellitus. The "liver cancer" was the most significantly enriched term (with the largest number of DEMs i.e. n = 129) amongst the top three diseases for all 12 treatment conditions (Fig. [2](#Fig2){ref-type="fig"}). Moreover, the liver cancer was found significantly enriched in the low dose conditions of all the treatment durations. For example, in total, 54 DEMs were mapped to liver cancer annotation at the low doses for 3-d (p = 1.36e-23), 7-d (p = 3.67e-18), 14-d (p = 6.38e-23) and 28-d (p = 1.15e-13). On the other hand, the liver tissues of rats treated with low dose of TAA were found to have minimal nuclear alternation in their livers (<http://virtualslide.nibiohn.go.jp/Authenticate3.php?image_id=46720>; <http://virtualslide.nibiohn.go.jp/Authenticate3.php?image_id=46727>) only at 28 day, but no single rat was found to have noticeable histopathological features in the liver at 3-, 7 and 14-d (Figure [S1](#MOESM1){ref-type="media"}). These results suggest that miRNA profiling has the potential to detect early biomarkers (miRNAs signature) during TAA-induced liver carcinogenicity at low exposure levels than histopathological features.Figure 2Disease enrichment analysis of DEMs. The liver cancer is predicted as highly significantly enriched with the maximum number of DEMs during disease/function overrepresentation analysis using IPA software. The x-axis depicts diseases/functions, whereas, the y-axis represents the number of DEMs mapped to diseases or functions.

To further support our findings, we retrieved the experimentally observed target genes for the DEMs identified in each treatment condition from IPA database and performed pathway enrichment analysis. We then ranked the enriched pathways by the statistical significance for all the conditions. As shown in Fig. [3](#Fig3){ref-type="fig"} (and Table [S3](#MOESM4){ref-type="media"} with a full list of enriched pathways), "Molecular Mechanisms of Cancer" is the most related and highly significantly enriched pathway in 9 of the 12 conditions. Other cancer-, immune- and hepatotoxicity-related pathways were also identified to be related to most TAA treatment conditions, such as "p53 signaling", "TGF-β signaling", "MAPK signaling", "PPARα/RXRα activation", "Hepatic fibrosis/Hepatic stellate cell activation" and "Wnt signaling". Notably, *miR-455-3p* and *miR-34a-5p* were involved most of the cancer-related functional pathways. Furthermore, the pathway enrichment analysis of putative target genes of the DEMs yielded similar signaling cascades (highly significantly enriched) including cancer, immune, cell cycle, apoptosis, p53 signaling, Wnt signaling, MAPK signaling and other relevant pathways which further complement the functional findings of the DEMs using IPA-based methods, suggesting a potential role of miRNA-mediated regulation during TAA treatment (Tables [S4](#MOESM5){ref-type="media"} and [S5](#MOESM6){ref-type="media"}). Taken together, we were able to relate particular treatment group that had up- and down-regulated miRNAs to each significant function (such as mechanisms of cancer, p53 signaling, and metabolic pathways) and annotation in diseases (e.g., liver cancer). A complete list of these DEMs and their toxicological functions are presented in Tables [S4](#MOESM5){ref-type="media"} and [S5](#MOESM6){ref-type="media"}.Figure 3Heat map of most relevant pathways on DEMs. This heat map depicts the most significant and highly relevant pathways obtained using experimentally verified targets of differentially regulated miRNAs (DEMs). Information on different doses and time intervals is shown on the right side and relevant signaling are shown at the bottom. Information on two potential early and sensitive miRNA biomarkers (miR-34a-5p and miR-455-3p) and their associated signaling is given on the top two rows. The top two rows depict whether a given miRNA is predicted to regulate a selected pathway or not. The "green" and "gray" colors indicate either a pathway is present or absent respectively.

Early and sensitive biomarkers detection by measuring changes in miRNA expression profiling {#Sec4}
-------------------------------------------------------------------------------------------

The above findings demonstrated that hundreds of miRNAs were differentially expressed across the entire course of TAA treatments even at low dose, suggesting that these tiny regulators could be involved in TAA-induced liver carcinogenicity. Thus miRNAs signature could serve as early and sensitive biomarkers for the diagnostic and prognostic of liver carcinogenicity. For that, DEMs were grouped into time points (3-d, 7-d, 14-d and 28-d) and doses (low, middle and high). The number of DEMs was increased in the case of time points group i.e. 3-d (n = 98), 7-d (n = 165), 14-d (n = 186) and 28-d (n = 183) (Fig. [4A](#Fig4){ref-type="fig"}). However, with increasing dosing (low to high), a decrease in the number of DEMs was observed i.e. low dose (n = 211), middle dose (n = 195) and high dose (n = 193) (Fig. [4B](#Fig4){ref-type="fig"}). Further, DEMs were compiled into up- and down-regulated classes (Fig. [4C](#Fig4){ref-type="fig"}). In total, 176 and 211 unique miRNAs were up- and down-regulated at more than one-time point studied, indicating more miRNAs downregulated than upregulated. At 3-d with three doses, the number of downregulated miRNAs were higher than upregulated ones, whereas, more miRNAs were found upregulated compared to downregulated at 7-d with different doses (Fig. [4C](#Fig4){ref-type="fig"}). Interestingly, a continuous increase in the count of up- and down-regulated miRNAs was observed at middle dose treatments (Fig. [4C](#Fig4){ref-type="fig"}). On further analysis, five out of 12 treatment conditions were found to have a higher number of DEMs (larger than the mean value of n = 77). Of these five treatments, the maximum number of DEMs (n = 140) was determined with the middle dose at 28-d, whereas, 125, 94, and 90 and 83 DEMs were estimated with low (14-d and 7-d) and high doses (at 7-d) (Fig. [4C](#Fig4){ref-type="fig"}). On the other hand, the number of DEMs for low dose at 3-d was much higher (n = 59) when compared to low (28-d), middle (3-d) and high doses (14-d). These observations indicate that many miRNAs expressions occur early in the treatment and a few of them consistently express across the entire course of treatments, suggesting that these DEMs could be candidates for an early biomarker for NGTCs.Figure 4Distribution of DEMs during across all treatment conditions. (**A**) describes an increase in the number of DEMs across four time intervals, (**B**) shows a decreasing in the count of DEMs with increasing dosing from low to high and (**C**) represents the distribution of up-and down-regulated miRNAs at three different doses with four time intervals. X and Y axes represent days and number of DEMs observed during TAA treatment. Red and green color bar plots denote up- and down-regulated miRNAs respectively. From bottom to top, the maximum number of downregulated miRNAs (n = 174; green bars) are observed with low dose compared to middle (n = 153) and high (n = 137) doses, whereas, the highest number of upregulated miRNAs are observed with middle dose (n = 165). Of note, an increase in the number of up- and down-regulated miRNAs is determined at middle dose with all four time points (middle bar plot).

Figure [5](#Fig5){ref-type="fig"} is Venn diagrams for overlapped DEMs among different treatment conditions along dose and time. In general, the common DEMs among time points (Fig. [5A](#Fig5){ref-type="fig"}) were much less compared to those among doses (Fig. [5B](#Fig5){ref-type="fig"}). Venn diagrams for time-dependent miRNAs across different doses yielded 7, 5 and one common DEMs for low, middle and high doses respectively (Fig. [5A](#Fig5){ref-type="fig"}). In the case of dose-dependent miRNAs (Fig. [5B](#Fig5){ref-type="fig"}) at four time- points, 18, 19, 10 and 7 DEMs were common during low, middle and high doses, indicating a decrease in the number of DEMs with an increasing pattern of dosing (low-middle-high). On the other hand, an increasing in the number of DEMs (those confined to middle dose) was observed for all four time points (Fig. [5B](#Fig5){ref-type="fig"}). A similar observation was also noticed for DEMs that are only found with low and high doses at 3-d, 7-d, and 14-d. After dose- and time-dependent comparison analysis, a total of 48 DEMs was selected to investigate further whether the fold-change values of these overlapping DEMs follow any increasing, decreasing or stable expression trend. Two DEMs were found to be both dose and time responsive. Amongst them, rno-miR-34a-5p, an upregulated DEM, is the most responsive candidate with more than 4 fold change in most of the treatment conditions studied (Fig. [6](#Fig6){ref-type="fig"}). It is interesting to note that a decreasing trend of the fold change for this DEM was observed with all three doses at 7-d and 14-d. Moreover, an increasing in the expression fold change values of rno-miR-34a-5p was observed with low (except 28-d) and middle doses (all four time points), however, for high dose, a mixed expression trend was observed. These observations may suggest that the rno-miR-34a-5p tends to give up its regulatory function at a higher dose. Additionally, the second arm of miR-34a (i.e. rno-miR-34a-3p) was also upregulated with more than 3-fold in 7 out of 12 treatment conditions. On the other hand, rno-miR-455-3p, a downregulated DEM, was observed in 11 out of 12 treatment conditions (excluding high dose at 28-d).Figure 5Venn diagrams of DEMs during different time points and doses. (**A**) depicts DEMs during low, middle and high doses with different time points, respectively and (**B**) describes DEMs during 3-, 7-, 14- and 28-d with three different doses (low, middle and high). Two potential biomarkers (miR-34a-5p and miR-455-3p) out of 48 overlapping DEMs are found common across all the treatments. Figure 6Overview of expression patterns of 2 early and sensitive miRNAs. From the top, the logFC expression of rno-miR-122-5p is not significantly differentially expressed when compared with control animals. Rno-miR-34a-5p is highly significantly and consistently overexpressed among different doses and time points, suggesting the potential of this miRNA to be considered as an early and sensitive biomarker for monitoring TAA-induced hepatocarcinogenesis during low to high exposures. At the bottom of this figure, the higher expression values of rno-miR-455-3p in the control compared to treated samples, as a result, this miRNA is identified as significantly downregulated with all three doses and all four time points. The highest down-regulation of this miRNA is observed at 3-d with all three doses. The absolute fold change values are used to plot this figure.

Taken together, our findings indicated that miR-34a-5p and miR-455-3p could be potentially considered as early and sensitive biomarkers for TAA-induced hepatocarcinogenicity. Thus, further analyses were carried out on these two miRNAs.

Expression of miR-34a-5p, miR-455-3p and miR-122 {#Sec5}
------------------------------------------------

The miR-34a-5p and miR-455-3p were selected to investigate their expression changes during TAA treatments. These two miRNAs were chosen due to their dose- and time-dependent trends as well as their fold changes (Fig. [6](#Fig6){ref-type="fig"}). Another miRNA, miR-122, was also selected to measure its expression because many studies have considered miR-122 as an important non-invasive biomarker for liver injury in blood. Therefore, to investigate the dynamic changes of these three miRNAs, the upper quantile normalized and logarithm of fold change (logFC) values were plotted for all the samples (Fig. [6](#Fig6){ref-type="fig"}). The rno-miR-122 was found as one of the top ten most abundant miRNAs in the livers across all the treatment. However, the expression of this miRNA was nonsignificant in dose as well as time groups during differential expression analysis (Fig. [6](#Fig6){ref-type="fig"}), suggesting that miR-122 may not be directly involved in the mechanism of TAA-mediated hepatotoxicity in liver tissue. On the contrary, expression of rno-miR-34a-5p was significantly increased (logFC \> 1.5 to 4.7) after treatment and consistently presented over time and doses (Fig. [6](#Fig6){ref-type="fig"}). However, the expression of miR-455-3p was significantly downregulated across the entire course of TAA treatments (except 28-d with high dose). These observations showed their time- and dose-dependent trends, indicating their key involvement in the regulation of liver toxicity after TAA treatment.

Significantly increased expression of *rno-miR-34a-5p* was identified across all doses following 7-d, 14-d, and 28-d of treatments. The highest elevation in the expression was measured at 28-d with middle dose (Fig. [6](#Fig6){ref-type="fig"}). *Rno-miR-34a-5p* was detected to be very low in the baseline read count over the full-time course in the control group. The abundance of this miRNA significantly increased in all the treatment groups compared to the control animals across all the time points. On the other hand, rno-miR-455-3p was comparatively higher in the controls than treated samples. After statistical analysis of differential expression, the highest down-regulation of this miRNA was observed at 3-d with all three doses and at 7-d, 14-d, and 28-d, a stable downregulation expression pattern was observed with low, middle and high doses. Functional annotation of this two dose- and time-dependent DEMs demonstrated their active involvement in the hepatocellular carcinoma (HCC) network, as well as other liver disease networks. Previous investigations have already been demonstrated a key role of miR-34a in liver cancer, however, so far there is no single study exists which have studied its expression and role in TAA-induced hepatocarcinogenicity along different doses and time intervals. In addition to miR-34a-5p, we found miR-455-3p which can potentially be used as an early and sensitive biomarker for the detection of liver injury and pre HCC.

To further evaluate the correlation between these two DEMs and cancer progression, we carried out a regression analysis between the histopathological features and the expression patterns of miR-34a-5p, and miR-455-3p during TAA exposures. In case of miR-34a-5p, the cellular infiltration, eosinophilic change, fibrosis, bile duct proliferation and single cell necrosis features were found to cover more than 0.5 AUC (area under curve). Most importantly, the single cell necrosis was found to have the maximum value i.e. 0.75. On the other hand, the nuclear alteration and cellular loci classifiers out of 6 histopathological features were found to obtain the maximum AUC values for miR-455-3p (Figure [S1](#MOESM1){ref-type="media"}). These features are indicative of loss or distortion of normal liver architecture, but mostly with high dose exposures. To validate the findings from miRNA-seq, we therefore measured the expression levels of miR-34a-5p at high dose exposures of TAA using real-time qPCR (RT-qPCR). *Rno-miR-34a-5p* was selected due to its consistent upregulation across the entire course of treatments as well as its critical function as tumor suppressor in HCC. PCR results demonstrated that expression of *rno-miR-34a-5p* was significantly increased across three time points (p \< 0.05 at 7-d, and 14-d, p \< 0.005 at 28-d) treatments compared to the control group (Figure [S2](#MOESM1){ref-type="media"}). Furthermore, the trend of miRNAs deregulation detected from qPCR and NGS are consistent, indicating the findings from miRNA-seq were reliable.

Discussion {#Sec6}
==========

TAA is a potent NGTC and has been confirmed to be a carcinogen in animal studies^[@CR29],\ [@CR30]^ and possible human carcinogen, but the lack of information about its carcinogenicity and effective approach to characterize its carcinogenesis. Being key regulators of multiple biological functions as well as potential promising biomarkers for diseases, miRNAs have been extensively studied for the past decades^[@CR31]--[@CR33]^. In this study, we profiled miRNAs from rat livers treated with a TAA at multiple doses over four time points to characterize the dynamic changes of miRNAs expression and explore the mechanistic roles of miRNAs resulting in the carcinogenesis. Through comprehensive data quality assessment, bioinformatics pipeline development and analysis of miRNAs sequencing data analysis, differentially expressed miRNAs at various doses or time points were identified. Additionally, scatterplot analyses were performed to estimate the consistency (correlation coefficient) of the expression data sets among three replicates (rats) at different doses and time points (Figs [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}).

Time-course and dose-dependent data are the two most important parameters for toxicological responses which are either transient, continuous or are delay responses. Upon comparing, DEMs observed with low-dose at 3-d were more than middle dose, however, there is neither dose- nor time-dependent patterns were observed on the number of deregulated miRNAs at a low dose and 3-d treatments. Most of the DEMs only appeared transit deregulation at a low dose and short duration of treatments may function as adaptive responses to the procedures or stress of treatment. Similar time-dependent observations have been reported previously^[@CR34]^. In the case of middle dose treatment compared with the control group, the number of both up- and down-regulated miRNAs appeared in a time-dependent manner indicating the gradually massive involvements of miRNAs along the duration of mild exposure which might be taken into consideration for dose selection of carcinogenic study. For a high dose, the highest numbers of up- and down-regulated miRNAs were observed at 14-d and most of those DEMs identified were consistently differentially expressed at 28-d high dose group. These findings may be an indicator for the best window for a sampling of the maximum tolerated dose (MTD) exposure while conducting miRNAs experiments for carcinogenesis assessment. Following functional analysis showed that those consistently deregulated miRNAs are relevance towards toxicity/carcinogenicity assessment, indicating that deregulation of miRNAs expression appeared earlier that the histopathological features. In addition, there is no consistent proportion of up- and the down-regulated miRNAs number was observed across the entire course of treatments. Previously, it has been suggested that the downregulation of miRNAs may occur by putative oncogenes^[@CR35]^. Conversely, upregulated miRNAs may be tumor suppressors^[@CR36],\ [@CR37]^. Therefore, oncogenic and suppressive miRNAs were roughly close-fought with the current treatment conditions.

Dysregulation of miRNAs has already been linked to various pathological processes including cancer. In the present study, we identified 129 DEMs (including up- and down-regulated candidates obtained with all three doses) that are primarily highly significantly enriched in liver cancer using a disease enrichment overrepresentation analysis. To further support these observations, the pathway enrichment analysis of deregulated miRNAs identified at each dose and time point of TAA treatment found "Molecular Mechanisms of Cancer" as the most related and significant pathway in 9 of the 12 TAA treatment conditions. Moreover, immune and hepatotoxicity related pathways were also identified to be related to most TAA treatment conditions, such as "p53 signaling", "TGF-β signaling", "MAPK signaling", "PPARα/RXRα activation", "Hepatic fibrosis/Hepatic stellate cell activation" and "Wnt signaling". Similar findings were confirmed with the different approach for pathway enrichment analysis using putative target genes of DEMs using miRWalk2.0. The p53 signaling pathway is considered as an indicator of DNA damage in response to stress. Activation of this pathway was proposed to disrupt the fidelity of DNA replication and cell division^[@CR38],\ [@CR39]^. Significantly enriched p53 pathways after treatment of TAA at early stage indicates the activation of DNA repair and promote cellular proliferation.

Using Venn diagrams analysis, two potential DEMs were identified as commonly expressed during almost all the treatment conditions. Notably, a significant increase in the expression of *rno-miR-34a-5p* was identified across all doses following 7-d, 14-d and 28-d of treatment. While the expression of rno-miR-455-3p was decreased with an increase in the dose as well as followed a downregulation with almost all the time points (excluding high dose at 28-d). In a previous study, miR-455-3p has been observed as significantly downregulated in poorly differentiated HCC. Also, functional analysis (including association disease investigation) demonstrated significant enrichment in the cancer network. Previously, miR-34a has been reported to play important roles in the pathogenesis of several human diseases, including liver carcinogenesis^[@CR40],\ [@CR41]^. As a well-known tumor suppressor, the expression of miR-34a was significantly inhibited in patients with HCC in clinical studies^[@CR41],\ [@CR42]^. Thus, chemicals showing the capability of the restoration of miR-34a function could be proposed as a potential therapeutic agent for HCC. We found that *rno-miR-34a-5p* was consistently induced after treatment of TAA at a low dose and at 3-d time point demonstrating that anti-cancer activity of the biological system was triggered at the early stage of dosing which indicated that miRNAs of *rno-miR-34a-5p* might be a potential biomarker to characterize the carcinogenesis for environmental carcinogens in a short term experiment. We further compared miRNA expression profiling with the histopathological features that are carefully determined by expert pathologists on the rat liver tissues treated with 3 doses (low, middle and high) and 4 time points (3-d, 7-d, 14-d, and 28-d). As a result, the minimal nuclear alteration was observed in the rat liver sections treated with low dose at 28-d, but no single histopathological features were detected at 3-, 7- and 14-d with low dose of TAA. On the other hand, the early signal signatures of liver cancer was successfully predicted by miRNA profiling with low dose exposures at 3-d (p = 1.36e-23), 7-d (p = 3.67e-18), 14-d (p = 6.38e-23) and 28-d (p = 1.15e-13). These findings suggest that toxicogenomics has a great potential to detect early signals of carcinogenic exposures and is a substantial tool for toxicological research. Furthermore, our regression analysis between the expression data and histopathological features (Figure [S1](#MOESM1){ref-type="media"}) depicts a strong correlation among two DEMs and cancer progression. For example, the single cell necrosis was found to obtain the maximum (AUC = 0.75) for miR-34a-5p. Necrosis is a hallmark of carcinogens-induced liver injury and thought to be an intensive form of inflammatory mode of cell death as compared to apoptosis. Moreover, it has been thought of as an unregulated form of cell death, with multiple simultaneous cellular events culminating in cell swelling and plasma membrane rupture. These necrotic processes include loss of ion homeostasis causing cell swelling, increases in cellular free calcium, activation of diverse proteases and phospholipases, and loss of mitochondrial integrity^[@CR43]^. Similar, signaling cascades such as Wnt, proteolysis, metabolism, MAPK, cell cycle and apoptosis were predicted to be significantly regulated by miR-34a-5p. In case of miR-455-3p, the nuclear alteration and cellular loci classifiers cover the maximum AUC values (Figure [S1](#MOESM1){ref-type="media"}). These features are indicative of loss or distortion of normal liver architecture. Our pathway enrichment analysis of miR-455-3p targets also found several relevant biological signaling pathways including pathways in cancer, focal adhesion, pancreatic cancer, glioma, basal cell carcinoma, and Mapk-, Wnt- and mTOR-signaling, suggesting alteration of liver architecture.

On the other hand, miR-122 has been extensively studied and keen interest was expressed as a promising circulating biomarker in liver disease^[@CR44]--[@CR46]^. Nonetheless, experimental affirmation for its mechanistic roles in liver disease and hepatocarcinogenesis is lacking. Even though abundant *rno-miR-122* was consistently expressed over each treatment condition in this study, there was no differential expression of *rno-miR-122* compared to the concurrent control animals at neither time nor dose, indicating a lack of the relevance to effects associated with the treatment. Taking the consideration of lack of mechanistic relevance to the treatment regardless the abundant expression in the rat livers of *rno-miR-122*, it could serve as a house-keeping miRNA for the liver.

Notably, *rno-miR-34a-5p* and *rno-miR-455-3p* were detected differentially expressed following all time-points and doses compared to the control group (Fig. [6](#Fig6){ref-type="fig"}), indicating the significant relevance of the expression of both miRNAs to the treatments. These miRNAs were also predicted to regulate cancer, immune and other relevant signaling cascades (Fig. [3](#Fig3){ref-type="fig"}). Furthermore, the results obtained from qPCR experiments confirmed a significant elevation in the expression of miR-34a-5p after treatments and these outcomes showed a similar pattern of miRNAs expression with results from NGS technology (Figure [S2](#MOESM1){ref-type="media"}). However, further experiments including the qPCR validation of these DEMs during different dose exposures are needed to establish these findings. In the future, we will expand this project by introducing gene expression profiling to defining a landscape of genes, transcription factors (TFs), miRNAs and their signaling pathways, and to identifying the key interactions among genes-DEMs-TFs to reveal the mechanistic relevance of these functional loops and will validate potential candidates.

Conclusions {#Sec7}
===========

Our meta-analysis approach (bioinformatics-, and statistical analysis and qPCR validation) suggest that miRNAs play critical role in the mechanisms underlying hepatocarcinogenesis after TAA exposure. Significant deregulation of miRNAs detected at short-term exposure with dose/time-dependent manner, demonstrating that miRNAs profiling may be an indicator to characterize the carcinogenicity for environmental carcinogens and apply for risk assessment. Furthermore, we have shown significant regulatory associations between two DEMs expression and TAA-induced liver carcinogenesis at an earlier stage than histopathological features. These two miRNAs could be considered as potential biomarkers for the detection of TAA-induced liver carcinogenesis. Combing through the unique natures of miRNAs, such as tissue-specific, stable in body fluids and conserved cross-species; miRNAs profiling analysis could be a potential approach for cancer risk assessment in humans.

Methods {#Sec8}
=======

Animal treatment {#Sec9}
----------------

The animal study was conducted as described previously^[@CR47]^. Briefly, male Sprague-Dawley rats were consecutively administered with TAA once daily at doses of 4.5 (low dose), 15 (middle dose), or 45 (high dose) mg/kg for 3, 7, 14, and 28 days (referred as 3-d, 7-d, 14-d and 28-d hereafter) with the time-matched control group receiving vehicle alone. All animal studies were conducted by the Toxicogenomics Project (TGP) group after obtaining approval from the Ethics Review Committee for Animal Experimentation of the National Institute of Health Sciences, Japan. All experimental protocols were approved by the National Center for Toxicological Research (NCTR), U.S. Food and Drug Administration (FDA). All the methods were carried out in accordance with the approved guidelines. The animals were sacrificed 24 hours after the last dosing day and liver samples were isolated for miRNA-seq analysis as described below. At each treatment condition (the combination of dose and time point), five rats were applied, of which three were used for miRNA profiling. There were twelve treatment conditions in the experiments (=3 doses × 4-time points).

RNA extraction from rat livers {#Sec10}
------------------------------

Total RNA was isolated from approximately 15 mg liver sections using miRVana^*TM*^ isolation kit (Ambion® ThermoFisher Scientific, Grand Island, NY, USA) according to manufacturer's protocol. The yield of the extracted RNA was determined spectrophotometrically by measuring the optical density at 260 nm (Nanodrop-1000, Thermo Scientific, Wilmington, DE, USA). The quality of RNA samples was characterized with Agilent BioAnalyzer (Agilent Technologies, Santa, Clara, CA, USA) using the RNA6000 Nano Chip (Agilent Technologies). All the RNA samples had RNA integrity numbers (RINs) greater than 8.0 with an average RIN of 9.2.

Library construction and miRNA-seq {#Sec11}
----------------------------------

miRNAs were profiled using Illumina HiSeq-2000 platform for three biological replicates of each treatment condition. It was performed by the service provider (Microarray Core Facility, the University of Texas at Southwestern, Dallas, TX, USA). Briefly, 1 µg of extracted total RNA was used for miRNA-seq library preparation using Illumina TruSeq small RNA sample preparation kit. Each RNA sample was processed individually by adding special bar-coded adaptors and reverse transcriptase and amplified. The quantity and quality of each library were measured by Picogreen DNA quantification and Bioanalyzer high sensitive Pico chips (Agilent Technologies). Forty-eight barcoded libraries were then pooled by mixing equimolar of DNA. The pooled libraries were then loaded onto 6% high-resolution PAGE gel for separation of miRNA from other RNAs. The bands with the molecular weight between 145--160 bp were excised into recovery tubes for gel purification. The recovered barcoded libraries were then sequenced on the Illumina HiSeq2000 platform with single end base pair reads. The sequencing data were de-multiplexed and transformed to fastq data files. The read depths for each sample were about 10 million. All of the raw miRNA sequencing data discussed in this study have been deposited in NCBI's Gene Expression Omnibus (GEO) with accession number GSE87446.

Processing of miRNAs sequencing data {#Sec12}
------------------------------------

As miRNAs are short (approximately 18--25 nucleotides long) and the routine sequencing generally has a read length of 50 bps, the adaptor sequence was trimmed. Read with length less than 18 bases or more than 25 bases after trimming (as default) were discarded. The further quality check was performed after trimming to evaluate the distribution of read length, which was anticipated to be centered at 21 bases for a good miRNA-seq library preparation. Schematic workflow for this study is depicted in Fig. [1](#Fig1){ref-type="fig"}. The quality of samples was assessed by FastQC tool and all the samples passed the Phred quality score cutoff of 30 (99.9% base call accuracy). All miRNA reads were then mapped to the Rattus norvegicus (rn5) genome to verify indeed all miRNAs are from rats.

Quality control and assessment for the dataset are showed in Figure [S6](#MOESM1){ref-type="media"}. In summary, read depth span from 5 to 15 averaging about 10 million for each sequencing run (Figure [S6A](#MOESM1){ref-type="media"}); Phred scores of majority reads are around 38 (Figure [S6B](#MOESM1){ref-type="media"}); there were about 10% reads (\<18 nts and \>25 nts) that were discarded (Figure [S6C](#MOESM1){ref-type="media"}); after processing, mapping rate to the rat genome ranged from 60 to 80% (Figure [S6D](#MOESM1){ref-type="media"}); average mapping rate against to miRBase (released June. 2014) is 50% (Figure [S6E](#MOESM1){ref-type="media"}); in total, 664 miRNAs have at least one read mapped with at least one sample. Low abundant miRNA sequences containing less than five normalized reads per million were removed. The removal of low abundant miRNA reads eliminates possible artifacts obtained from the normalization of miRNA that is not present in one or more samples. Therefore, miRNAs with high read counts are considered abundant and consists of actual raw reads before and after post-processing of NGS data. To evaluate the consistency of data sets among three replicates (rats), we performed scatterplot analyses to estimate the correlation coefficients at low, middle and high doses during 3-, 7-, 14- and 28-d. Figures [S3](#MOESM1){ref-type="media"}--[5](#MOESM1){ref-type="media"} provide detailed scatterplots of the low-, middle- and high-dose exposures.

Differentially expressed miRNA (DEM) analysis {#Sec13}
---------------------------------------------

The miRDeep2 pipeline was applied for the mapping of the reads to miRBase Release 21^[@CR48],\ [@CR49]^ and the quantification. Reads per million and upper quartile normalization were performed to adjust the library size and RNA composition. Details about this normalization method can be found in Rapaport, *et al*.^[@CR50]^. DEMs was determined using edgeR^[@CR51]^ with a threshold of fold change \>1.5 and p-value \< 0.05.

Time and dose-response analysis {#Sec14}
-------------------------------

To identify time- and/or dose-dependent expression changes in miRNAs, all DEMs were processed and compiled into a single file: a holistic view of deregulated miRNAs. This file was then utilized to generate Venn diagrams to find out the overlapping as well as condition specific (dose or time) miRNAs among all the treated samples. An additional analysis was also accomplished to determine the time and dose response trends in overlapping DEMs. Changes in miRNA level were considered as time responsive if its relative expression level (fold change) follows an increasing or a decreasing pattern along the four time-points (3-d, 7-d, 14-d and 28-d) in at least two dose levels. Similarly, changes in miRNA levels were considered as dose-responsive if its relative expression level increases or decreases along the three doses (low, middle and high) in at least two-time points.

Target genes identification and functional analysis of DEMs {#Sec15}
-----------------------------------------------------------

Two different approaches were adopted to determine target genes of DEMs and their functional interpretation. In the first approach, the Ingenuity Pathway Analysis (IPA) (<http://www.ingenuity.com>) software package was used to analyze DEMs and their target genes using the miRNA/mRNA target analysis functionality. Experientially observed target genes for DEMs were retrieved from IPA. Disease enrichment analysis of miRNAs and functional pathway enrichment of experientially observed target genes were performed with IPA. Molecular networks were generated to graphically display the interconnected miRNAs and their target genes. In the second approach, information on putative target genes of DEMs was downloaded from miRWalk2.0^[@CR52],\ [@CR53]^ using seven different prediction algorithms. These miRNA-gene interactions were further filtered by applying the intersection criterion in which only those target genes that qualify for pathway enrichment analyses which are predicted with at least 2 out of 7 algorithms^[@CR54]--[@CR56]^. This filtered information was interrogated against the gene sets of KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways. A customized script was executed in R-statistical package (R x3.2.4) environment which estimates the statistical enrichment of signaling cascades associated with the target genes of DEMs with a cut-off of 5% from Fisher's exact test and multiple test adjustment using the Benjamini and Holm (BH) method^[@CR54],\ [@CR55],\ [@CR57],\ [@CR58]^.

qRT-PCR validation {#Sec16}
------------------

Custom-made TaqMan® Low-Density Array (TLDA) cards for miRNA expression analysis (Applied Biosystems, Life Technologies, Carlsbad, CA, USA) were used for quantification of specific miRNAs, each card allowing 384 simultaneous qPCR reactions of two different miRNAs in duplicates. U6 was used as reference gene and one mandatory control. Ten nanograms of total RNA was used to generate cDNA with the TaqMan microRNA reverse transcription kit (Applied Biosystems). TaqMan miRNA primer probes (Applied Biosystems) specific for mature miRNA were used for RT-PCR on a Viia7 PCR and detection instrument. Samples were normalized using the endogenous U6 control gene. Unpaired two-tailed Student's t-tests were performed to determine statistically significant differences in miRNA expression in treated rats compared to the control.

Histopathological data acquisition {#Sec17}
----------------------------------

The histopathological features of the rat livers treated with TAA were gathered from TG-GATE database to perform a regression analysis. These histopathological features are carefully determined by expert pathologists on the liver tissues treated with 3 doses (low, middle and high) and 4 time points (3-d, 7-d, 14-d, and 28-d). These features are nuclear alteration, cellular foci, cellular infiltration, change in eosinophilic, degeneration of granular eosinophilic, fibrosis, hypertrophy, bile duct proliferation, proliferation of ova cell, single cell necrosis (Figure [S1](#MOESM1){ref-type="media"}). In order to carry out a regression analysis between expression data and histopathological features, the data points for 3-d, 7-d and 14-d with low dose exposures were removed because no histopathological changes were observed at these time points. 1.5-fold change was applied as a cutoff to generate a confidence matrix. This matrix was then imported into MATLAB (version R2016a) and "perfcurve" function was applied to calculate area under the curve (AUC) with the help of receiver operating characteristic (ROC).

MicroRNAs Sequencing Data Availability Statement {#Sec18}
------------------------------------------------

The datasets generated and analyzed during the current study are available in the GEO repository (GSE87446). The following link has been created to allow review of record GSE87446 while it remains in private status: <https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=gpevyqegphgxbwb&acc=GSE87446>. Upon acceptance of this manuscript, the dataset will be opening to the public.
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